Restriction enzymes produced by bacteria serve as a defense against invading bacteriophages, and so phages without other protection would be expected to undergo selection to eliminate recognition sites for these enzymes from their genomes. The observed frequencies of all restriction sites in the genomes of all completely sequenced DNA phages (T7, lambda, 4X 174, G4, M 13, fl, fd, and IKe) have been compared to expected frequencies derived from trinucleotide frequencies. Attention was focused on 6-base palindromes since they comprise the typical recognition sites for type II restriction enzymes. All of these coliphages, with the exception of lambda and G4, exhibit significant avoidance of the particular sequences that are enterobacterial restriction sites. As expected, the sequenced fraction of the genome of 429, a Bacillus subtilis phage, lacks Bacillus restriction sites. By contrast, the RNA phage MS2, several viruses that infect eukaryotes (EBV, adenovirus, papilloma, and SV40), and three mitochondrial genomes (human, mouse, and cow) were found not to lack restriction sites. Because the particular palindromes avoided correspond closely with the recognition sites for host enzymes and because other viruses and small genomes do not show this avoidance, it is concluded that the effect indeed results from natural selection.
Introduction
Bacterial restriction endonucleases, cleaving foreign DNA at or near specific short recognition sequences, function as a defense against infection by parasites (bacteriophages). As with any host-parasite relationship, natural selection should favor the evolution of mechanisms by which phages avoid restriction. Indeed, several such mechanisms exist (Kruger and Bickle 1983) , including DNA modification, production of proteins that inhibit the action of certain restriction systems, and use of unusual bases in phage DNA. It has also been suggested that phage genomes contain fewer restriction sites than expected-natural selection should eliminate phages containing these sequences, leading to avoidance of these sites appearing to be an evolutionary strategy. Various surveys of the number of fragments produced by cutting phage DNA with different enzymes have suggested that this may be true in, for example, T7 (Rosenberg et al. 1979) , SPOl (Pero et al. 1979) , $29 (Ito and Roberts 1979) , and $1 (Kawamura et al. 198 1) . Although these results are indicative of an effect, the surveys are inconclusive in two ways. First, not all known host enzymes have been tried. Second, the expected number of sites has been calculated simply from the base com-76 Sharp position of the genome, ignoring any higher-order interactions between bases. Surveys of the frequencies of the simplest such higher structures, dinucleotides, have shown that they are far from random (Nussinov 1984) . It is possible to take account of dinucleotide frequencies-and to survey for all known recognition sites-if sequence data are available. Adams and Rothman (1982) examined the DNA sequences of the complete genomes of three of the phages (4X 174, G4, and fd-all of which are single-stranded DNA coliphages) for which such data were first available. They compiled observed frequencies of sites for nine enzymes derived from species of Enterobacteriaceae, calculated expected frequencies by taking account of not only base composition but also 2d-order Markov chain effects (trinucleotide frequencies), and concluded that "there is no evidence that reduction in the number of restriction sites has been a significant adaptive strategy in response to host-controlled restriction systems." On the other hand, a brief examination of the frequencies of 17 enterobacterial restriction sites in the complete genome of the double-stranded DNA bacteriophage T7 suggests that these sites are rarer than expected (Sharp et al. 1985) , although expectations were derived simply from base composition. Thus the evidence so far is equivocal.
Several more complete genomes from bacteriophages have been determined, as well as many viruses that infect eukaryotes and would not be expected to avoid restriction sites per se (and so serve as a comparison). Also, many more restriction endonucleases have been described-with new specificities-and isolated from a broader range of bacteria. Here these data have been combined in a more complete analysis. The results indicate that most bacteriophages (including two of the three examined by Adams and Rothman) exhibit a marked avoidance of certain short palindromes. This is attributed to natural selection against the occurrence of restriction sites, since (1) the avoided sequences correspond closely with those recognized by restriction enzymes from the host and (2) genomes other than bacteriophages do not show this avoidance. There are two interesting exceptions, namely lambda and G4.
Material and Methods
The observed frequency of occurrence of all restriction-enzyme recognition sites has been compared to that expected, in all bacteriophages for which the complete genome DNA sequence has been determined.
The available sequences are T7, lambda, $X174 and its relative G4, and four related filamentous phages (M 13, fd, fl , and IKe). These are all coliphages, and so a fragment comprising approximately one-third of the genome of $29, a phage isolated from Bacillus subtilis, was also examined. For comparison, the RNA genome of MS2 (a coliphage), the DNA genomes of four eukaryotic viruses of various lengths (Epstein Barr virus, adenovirus 2, papilloma virus, and SV40), and three mammalian mitochondrial DNA molecules were examined.
Restriction enzymes have been classified into three types (Yuan 198 1 palindromes, so that 2 1 of the 64 possible 6-base palindromes are known to be sites. Type II enzymes isolated from Bacillus species are also shown in table 2. These sites are mainly 4-base and 6-base palindromes. Of the 64 6-base palindromes, 14 are recognized by enzymes isolated from Bacillus subtilis and a further 10 by enzymes from other Bacillus species.
DNA Sequence Data
The T7 sequence was obtained on tape from J. Dunn (see Dunn and Studier 1983) and later modified (see Moffat et al. 1984) . The IKe sequence was taken from Peeters et al. (1985) . All other sequences were taken from Release 4 of the EMBL Nucleotide Sequence Data Library.
Calculation of Expected Frequencies of Restriction Sites
The product of the genomic frequencies of constituent bases is not an appropriate estimate of the expected frequency of a restriction site. Frequencies of the 16 dinucleotides vary widely between different phylogenetic groups (Nussinov 1984 ). This variation is not explicable in terms of base composition (Smith et al. 1983) . It is of particular relevance here that nonrandom doublet frequencies have been recorded for T7 (Sharp et al. 1985) and other phages (Grantham et al. 1985) . McClelland (1985) , also examining coliphage genomes, found that the best predictors of tetranucleotide frequencies are trinucleotide frequencies. In the present report expected frequencies of restriction sites have been derived from observed trinucleotide frequencies; for example, Exp GAATTC = p(GAA) X p(T(AA) X p(TIAT) X p(CITT), where p(GAA) is the probability (i.e., observed frequency) of finding the GAA trinucleotide in the genome examined and p(TIAA) is the probability of finding T after the dinucleotide 
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NOTE.-Not all enzymes are given, but all recognition sites are covered. Thus only one of a set of isoschizomers appears, and where 6-base sites are cut by an enzyme recognizing the 4-base core site, enzymes recognizing only the former are omitted. AA or p(AAT)/p(AA). For illustration, the effect of using such predictors for 6-base palindromes in T7 is shown in table 3 (the expected frequencies range from 2 to 22). An approximate SE for each expected frequency is given by the square root of that frequency. Because of the approximations involved in deducing both the expected frequencies and the associated SEs, sequences have been classified as significantly underrepresented when the observed frequency was more than 3 SE less than the expected value.
Type I sites have the form of two tri-or tetranucleotides flanking a 6-&base undefined spacer (see table 1). Expected frequencies for these sites were derived from the product of the frequencies of the two flanking sites.
Note that where a genome comprises regions with different base composition, these expected frequencies should be calculated separately for each of those regions. Lambda, which can be divided into two regions with quite different (G+C) content, has been treated in this way. (All analyses were performed on a DEC 20/60 computer using programs written in FORTRAN 77.)
Results
The occurrences of type I and type III restriction sites in phage genomes are presented in table 1. There is no clear pattern of avoidance of these sites. From table 3 it can be seen that in the complete genome of T7 certain 6-base palindromes-and particularly those that are recognized by restriction enzymes isolated from potential hosts of T7 (i.e., Enterobacteriaceae)-are underrepresented. Table 4 summarizes the frequencies of 6-base palindromes in all the genomes examined. 4X174 exhibits a Table 3 Observed and Expected Frequencies of 6-Base Palindromes in T7 No-m.-Palindromes have been grouped according to whether or not they are recognized by any known restriction enzyme (Sites), enzymes derived from Enterobacteriaceae, or enzymes derived from Bacillus species.
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' Number of 6-base palindromes in each category. b Observed frequency. ' Observed/expected. d Significantly less than 1 .OO.
pattern of site avoidance similar to that of T7, as do the four filamentous phages. Although in several of these phages there appears to be avoidance of Bacillus enzyme sites, it can be seen from table 2 that there is considerable overlap between the sets of sites recognized by enterobacterial and Bacillus enzymes. In $29, enterobacterial enzyme sites are not so clearly avoided, but those that would be recognized by endonucleases from Bacillus species are. In fact there are no occurrences of the 14 6-base palindromes that would be recognized by B. subtilis enzymes (six would be expected, but this is not formally significant, by the criteria outlined above). In G4 6-base palindromes in general are not significantly underrepresented, nor is there any particular avoidance of those that are restriction sites. The data for lambda is intermediate between that for G4 and that for the other DNA phages. Six-base palindromes are significantly underrepresented, but the effect is not much more pronounced for enterobacterial restriction sites than for any others. There are 145 sites for "host" restriction enzymes, and none of the recognition sequences is completely absent. Six-base palindromes are not underrepresented in either MS2 or in any of the eukaryote viruses or mitochondrial genomes examined here.
Discussion
Restriction by host endonucleases exerts selection pressure on bacteriophages. The first T7 gene to be expressed after infection, the 0.3 gene, encodes a protein that inhibits the action of the type I restriction enzymes EcoB and EcoK (Studier 1975) . Thus selection against the recognition sites of these type I enzymes would not be expected, and indeed these sites are found in the T7 genome. A similar gene is found in the related phage T3, and the products of each are also effective against the SA and SB restriction systems of Salmonella typhimurium . This gene product is not effective against type II restriction enzymes, and indeed no active defense against these enzymes is known in T7. However, natural selection against phages with the recognition sites for these enzymes in their DNA seems to have produced a passive defense-i.e., avoidance of these particular short sequences. Type III restriction enzymes have properties intermediate between those of type I and type II (Yuan 198 I) , and it is not clear whether the 0.3 gene product is an effective defense. From the presence of type III recognition sites within the T7 genome it must be concluded either that T7 has some defense against these enzymes or that ancestors of T7 have had no contact with bacterial strains encoding them.
That the underrepresentation of certain 6-base palindromes in DNA coliphages results from selection against phages containing restriction sites is strongly supported by two points. One, the particular sequences avoided correspond closely to those recognized by restriction enzymes derived from E. coZi or a related bacterium. Two, the RNA coliphage MS2 (recall that restriction enzymes do not cleave RNA) and other small DNA genomes-i.e., eukaryotic viruses and mammalian mitochondrial molecules-do not show this avoidance. Of the other coliphages, 4X174 and the four related filamentous phages (Ml 3, fd, fl, and IKe) also exhibit avoidance of these same sites. (Note that Ml 3 and fd, and to a lesser extent fl , are so closely related that they perhaps do not represent "independent" data.) 4X174, G4, and the filamentous phages are all single stranded but pass through double-stranded replicative forms when they could be susceptible to the action of restriction endonucleases. There is also evidence that cleavage can occur at duplex regions in single-stranded $X174 (Blakesley et al. 1977) . The Bacillus subtilis phage $29 shows a significant avoidance of the recognition sites of enzymes isolated from Bacillus species. These findings are so intuitively reasonable that it is perhaps of more interest to ask why G4 and, to a lesser extent, lambda do not conform to this pattern.
Sharp
It is known that lambda is heavily restricted (Court and Oppenheim 1983) , and so it is not easy to see why this does not impose selection pressure for the avoidance of restriction sites. Lambda does differ from the other phage in that it is temperate (the others are lytic), and while integrated into the E. coli genome it is not expected to suffer restriction.
G4 was originally isolated in a search for $X 174-like phages (Godson 1974) , and there is -65% identity between the two (Godson et al. 1978) . Although cleavage of these two phages produces quite different restriction fragments (Godson and Roberts 1976) , it is surprising that such a large difference exists between the two in frequency of restriction sites. Perhaps the G4 double-stranded replicative form is less vulnerable. Alternatively, G4 may be adapted to a different host.
Some sequences other than those known to be potential host restriction sites are also underrepresented in the phages examined. The E. coli dam methylation site (GATC) is rare in the genomes of enterobacteriophages (McClelland 1985) . It is also likely that more restriction enzymes will be isolated, with specificities new to the species from which they are derived (some predictions might be made from the sites widely avoided).
Finally, the question arises, Why are there any sites within the genome of, for example, T7 that can be recognized by an E. cob restriction enzyme? One answer may lie in the (largely unknown) population structure of bacteria and bacteriophages. It is not clear ( 1) how many of the genes encoding the restriction enzymes isolated in the laboratory from species of Enterobacteriaceae might be found in any one wild population of bacteria; (2) how often these genes, perhaps on plasmids, might transfer between populations; and (3) how often phages transfer between populations of bacteria. It is concluded from the data presented here that not all enzymes are produced by all populations and that the different phages have not been exposed to certain of these enzymes in their recent history.
